A number of flow-diverting devices have become available for endovascular occlusion of cerebral aneurysms. This article reports immediate and midterm results in recently ruptured aneurysms treated with the PED.
The purpose of this report was to analyze early clinical experience with the PED in the setting of SAH.
Materials and Methods

Patient Population
This series represents a subset of a prospective case registry of all patients with lesions suitable for PED treated at 3 Australian neurointerventional centers between August 2009 and August 2010. Each case was reviewed by a multidisciplinary team; before general release of the PED, individual application for use of the PED on compassionate grounds was sought from hospital administration and the Therapeutic Goods and Services Administration. Written informed consent was obtained. The PED was only used in patients in whom other endovascular or surgical options were thought to carry higher morbidity and in 3 patients in whom endovascular therapy had failed in the same admission to control the aneurysm. Data were collected prospectively with respect to aneurysm morphology, symptoms, previous treatment, antiplatelet and anticoagulation regimen, and technical and clinical complications. Follow-up for at least 6 months evaluated occlusion, mass effect, delayed complications, ongoing antiplatelet therapy, and in-stent stenosis.
Antiplatelet and Anticoagulation Schedule
A variety of protocols was used depending on operator and clinical circumstances (Table) . Most (7 cases) had a loading dose of 300 -600 mg of clopidogrel and 300 mg of aspirin at the time of the procedure. One patient was on long-term clopidogrel for cardiac disease. One center had access to a point-of-care platelet inhibition unit and could prescribe additional clopidogrel in patients with measured inadequate platelet inhibition. Dual antiplatelet medication was prescribed for 6 months in the anterior circulation and for Յ12 months in the posterior circulation. Patients were monitored for clopidogrel compliance by direct questioning. Aspirin therapy was intended to be lifelong. All patients had procedural intravenous heparin with an activated clotting time of Ͼ200. Nine of 11 patients had heparin infusion for at least 24 hours postprocedure (activated partial thromboplastin time, ϫ2 normal).
Procedure
Therapy was undertaken with the patient under general anesthesia. All PEDs were deployed through a Marksman (ev3, Irvine, California) 2.8F microcatheter. Additional PEDs were deployed at the discretion of the operator and were placed if there was an ongoing jet or inadequate neck coverage. Ideally, stasis and a contrast/blood layer were observed at the cessation of the procedure. Where possible, coils were deployed in the aneurysm before PED deployment or after "jailing" a microcatheter.
Discharge and Follow-Up
Clinical follow-up was performed at 1 and 6 months, in addition to independent evaluation by a neurosurgeon. Patients were also seen more regularly if they had complex problems. A 6-month control angiogram was performed and reviewed by 2 interventional neuroradiologists. Further angiography was performed if the aneurysm was open or in-construct narrowing was present.
Study End Points
The primary end point was development of complications leading to patient morbimortality from the time of PED placement to 6 months. All clinical incidents (TIA, stroke, SAH, or mass effect) in the first 6 months posttreatment were documented. The secondary end point was the angiographic appearance at 6 months with assessment of aneurysm closure and parent vessel stenosis. Extended follow-up was undertaken beyond 6 months in cases with nonocclusion of aneurysm or in-stent stenosis.
Results
Patient and Aneurysm Characteristics
Data on 65 patients were collected between August 2009 and August 2010. From this cohort, 11 cases of acute SAH were identified. Six patients were treated between day 1 and 14 post-SAH. Five others were treated between day 15 and 26. Details of the clinical status, aneurysm morphology, and therapy of patients are summarized in the Table. There were 7 women and 4 men with age range of 41-69 years.
Aneurysm morphology, treatment, and outcome are documented in the Table. There were 8 fusiform and 3 saccular aneurysms in the cohort of 11 cases. Of the fusiform aneurysms, 5 were blister or posterior circulation dissecting blisterlike type (1 ICA, 1 basilar trunk, 1 vertebral artery, and 2 P1/ P2). These showed typical features of small irregular lesions with poorly defined wide necks and angiographic evidence of growth and morphologic instability with time. Three of these had failed previous endovascular treatment (2 stent/coil, 1 coils only) during the same admission.
Treatment and Procedural Outcomes
Six patients received coils as well as PEDs during their cumulative treatment. Of the 5 who received only a PED in their treatment, 2 had dissecting blisterlike lesions with no sac to hold the coils and 1 was treated in a delayed fashion (16 days postictus). Twenty-one-millimeter (patient 2) and 34-mm (patient 9) aneurysms were treated acutely with PED only. Patient 2 was intended to have PED/coiling (Fig 1) . Both died of aneurysm rerupture during their acute admission.
Acute Procedural Technical and Clinical Complications
A poorly opened PED requiring angioplasty occurred in 1 patient, patient 2 ( Fig 1) ; 2 PEDs were deployed with an Echelon-10 microcatheter (ev3) jailed in the aneurysm sac with the expressed intent of coiling the sac after PED deployment. However, after deployment of 2 PEDs, there was poor flow in the carotid siphon, causing concerns of raised intrasaccular pressure, despite no demonstrable aneurysm filling. The microcatheters were sequentially removed to determine if they were the cause of diminished flow. This proved not to be the case, and angioplasty of the PED was performed, which restored flow in the parent vessel. The coiling opportunity had been lost because the jailed catheter had been removed. Minimal clot on the surface of the PED was demonstrated with no evidence of distal embolism. The clot was lysed with 3 mg of intra-arterial abciximab. The patient awoke intact and unchanged in condition.
Two patients experienced acute aneurysm rerupture and died. One of these, patient 2, developed upper limb weakness on day 8 and elevated transcranial Doppler velocities. The patient was emergently prepared for angiography but had a rapid decline in consciousness on the way to the angiography suite. CT demonstrated additional SAH, and severe vasospasm of the M1 segment (distal to the treated aneurysm) was docu- mented on angiography (Fig 1) , potentially pressurizing the sac. At this time, balloon angioplasty of the M1 was performed, and a third PED was deployed. The patient died 3 days later. Patient 9, WFNS grade 5, had a fusiform 34-mm paraclinoid carotid aneurysm with no normal parent vessel lumen at the aneurysm interface (Fig 2) . On close inspection, there was some smooth narrowing of the parent vessel distal to the neck, possibly due to extrinsic compression. Two PEDs were telescoped across the aneurysm, and the aneurysm re-ruptured immediately after deployment of the second device. Active treatment was withdrawn, and the patient died during the next 24 hours.
PED migration requiring additional treatment occurred in a single case (patient 1) with a 2-mm dissecting blisterlike aneurysm in the distal basilar trunk. A single PED migrated A 56-year-old patient 2 with a poorly opened PED requiring angioplasty. All images (unless stated) are left ICA angiograms in the lateral projection. Images AϪE are day 2 after SAH. A, Subtracted image of 21-mm superior hypophyseal aneurysm. B, Nonsubtracted image demonstrates the PED in the ICA with a delivery catheter tip (black arrowhead ) and jailed microcatheter tip (white arrowhead) in the aneurysm with the intention of coiling the aneurysm after PED deployment. C, Subtracted image after 2 PEDs were implanted. Despite sequential removal of both microcatheters, there is ongoing marked stenosis of the ICA with no aneurysm filling. D, Nonsubtracted image demonstrates an angioplasty balloon within the PED. Note contrast stasis in the sac. E, Subtraction image postangioplasty documents a normal-caliber ICA with a PED now fully open. Minimal dependent filling of the aneurysm (small black arrows ) without discernible inflow jet is seen. Because the jailed microcatheter was removed before angioplasty, coiling of the sac is not possible. The patient did well but developed symptomatic vasospasm and right upper limb weakness and dysphasia day 8 post-SAH. Because she was being prepared for angiography with a view to angioplasty, the aneurysm reruptured and she became obtunded, requiring intubation. CT (not shown) demonstrated increased SAH, and emergency angiography was immediately performed. F, Anteroposterior subtracted DSA of the left ICA demonstrates severe M1 vasospasm. G and H, Lateral unsubtracted DSA (G ) and lateral subtracted DSA (H ) demonstrate aneurysm refilling with a new rupture point locule (black arrow ). Balloon angioplasty and deployment of an additional PED (not shown) was performed, but the patient remained in poor condition and died 3 days later.
caudally for 5 minutes, uncovering the neck and necessitating placement of a second PED with no consequence. Migration was related to inadequate distal purchase, unsheathing the PED rather than pushing the device out of the catheter, and the tendency for the device to seek a larger diameter ("melon seed").
A cerebellar bleed related to anticoagulation and a lacunar infarct occurred in the same patient (patient 3) who had a basilar tip/P1 fusiform aneurysm treated with coils and PED. The patient was confused on day 1 postprocedure. CT demonstrated a left cerebellar tonsillar 2-cm hematoma and a small 5-mm anterior right thalamic lacune. The patient settled within 48 hours with no morbidity and was discharged home 13 days post-SAH with an mRS score of 0 at 1 month.
Three patients failed initial endovascular therapy, which necessitated PED deployment as a salvage procedure during their admission for SAH.
Patient 5 presented with WFNS 4 with a fusiform dissecting blisterlike aneurysm of the left P1/P2 segment aneurysm (Fig  3) , originally treated with a Solitare stent (ev3) and coils. Due to the nature of the aneurysm, MRA was performed on day 11, demonstrating a large recurrence. The patient was now WFNS grade 2 and was immediately treated with additional coils and PED placement.
Patient 11 presented with a WFNS grade 1 SAH and a 7-mm dissecting blisterlike aneurysm at the left P1/P2 junction. The aneurysm was treated on day 1 with coil occlusion, resulting in a residual 1-mm neck. Due to the etiology of the aneurysm, a check angiogram was obtained at day 7 demonstrating an acute 6-mm recurrence. A decision was made to wait before treating the recurrence with PED. This occurred without incident on day 21 post-SAH.
Patient 10 presented with a WFNS grade 3 SAH due to a blister aneurysm of the right dorsal paraclinoid ICA. This was treated on the day 1 with 2 coils and a Solitaire stent. A check angiogram was obtained at day 7 to exclude early regrowth, and the aneurysm remained secure. On day 8, the patient rebled and deteriorated to WFNS grade 4. Angiography confirmed a 2-mm recurrence of the aneurysm proximal and superior to the existing coils. A microcatheter was placed in the recurrent aneurysm through the stent, and 2 additional coils were deployed. This procedure was followed immediately by a PED because the patient was already receiving clopidogrel and aspirin due to the previously inserted stent. DSA at 1 month demonstrated aneurysm occlusion, but the patient did not improve and had a poor outcome (mRS 4).
No patient had a TIA, stroke, new-onset mass effect, or delayed aneurysm rupture during outpatient follow-up.
Aneurysm Closure at Imaging Follow-Up
Nine patients were available for follow-up (2 deaths). Eight had DSA (7 at 6 months and 1 at 1 month) with 1 patient (patient 6) undergoing MRA at 6 and 12 months due to chronic renal failure. Eight aneurysms were occluded with a single case of residual body filling (Fig 3) in patient 5 who had a pre-existing stent in situ.
In-Stent Stenosis
In 1 case, patient 4, treated with coils and a PED, 50% inconstruct stenosis was detected at 6 months. Dual antiplatelet agents were maintained, and the narrowing decreased to 25% at 10-month DSA (Fig 4) and Ͻ20% after 14 months.
Discussion
Endovascular treatment of ruptured aneurysms in the setting of SAH is most safely performed with coils. Wide-neck, blister, and dissecting blisterlike aneurysms are difficult to treat with both open and endovascular techniques. A balloon-assisted technique may not be possible in all small blister or dissecting blisterlike aneurysms, fusiform aneurysms, and some wideneck aneurysms in which the native vessel is incorporated into the neck of the aneurysm. Treatment of acutely ruptured aneurysms with stent placement/coils is problematic because of the perceived requirement for concomitant antiplatelet medication, particularly clopidogrel, during the time of acute SAH. External ventricular drainage and the potential for aneurysm rehemorrhage (particularly if the aneurysm sac is not tightly packed with coils) is a concern.
There are a number of articles outlining the treatment of acutely ruptured wide-neck 21, 22 or acute blister aneurysms [23] [24] [25] with stents and/or coils, for which coil placement is difficult or impossible. Tahtinen et al 21 treated 61 patients with wide-neck aneurysms (including 3 vertebral dissections) within 72 hours of the onset of SAH by using Neuroform stents (Boston Scientific, Natick, Massachusetts) and coils. Intravenous heparin and aspirin were given during the procedure, and 300 mg of clopidogrel was given postprocedure. In 10% of patients, stent deployment was not successful; 19.8% , and made a good recovery. E, Six-month angiogram shows some body filling contained within the coils. Note that the proximal margin of the PED (small white arrow ) is proximal to the proximal marker of the stent (black arrowhead ). The distal marker of the stent within the P1/P2 segment junction is also shown (black arrowhead ). The patient's clopidogrel was stopped as a consequence of the change, but aspirin was continued. F, Ten-month angiogram shows a stable appearance. No action has been taken thus far, and a follow-up angiogram in 12 months is scheduled because there is a reluctance to overlap the PED in the basilar tip and trunk. (12/61) had complications directly due to primary stent/coil treatment (7 thromboembolic events requiring abciximab and 4 aneurysm perforations) or due to early rebleeding of the aneurysm (1 patient). Thirty-day mortality was 20% with favorable Glasgow Outcome Score of 4 or 5 in 69%. Katsaridis et al 22 reported a subcohort of 33 acutely ruptured aneurysms within a population of 54 cases treated intraprocedurally with Neuroform 2 stents (Boston Scientific) and coils with intraoperative heparin and postoperative clopidogrel, aspirin, and low-molecular-weight heparin. There were no procedure-related clinical complications, and 2 technical issues were encountered with no clinical sequelae. Good outcome (mRS score, 0 -3) was seen in 64%, with 21% having a poor outcome and 15% resulting in death. Angiographic follow-up, however, for assessment of the durability of treatment was limited in the patients with SAH.
In acute carotid blister aneurysms or dissecting dissecting blisterlike posterior circulation aneurysms, treatment with coils alone is problematic. Lee et al 25 reported 9 patients with blister aneurysm cases, 6 treated with Neuroform stents and coils initially; 4 of these subsequently had aneurysm recurrence requiring placement of an additional stent. Three others were primarily treated with covered stents. One patient in this small group died acutely due to vessel rupture during stent placement. The 8 survivors had a good outcome. Park et al 24 reported acute blister aneurysm recurrence in all 4 cases in the setting of acute endovascular reconstructive therapy (3 coiling, 1 stent-coiling). Two of these had failed surgical treatment before endovascular therapy. The authors advocated endovascular trapping in these cases due to the high recurrence rate, but another group reported very poor outcome with acute vessel sacrifice in the setting of acute SAH, mainly due to vasospasm. 26 Meckel et al 20 reported 12 blister or dissecting blisterlike posterior circulation ruptured aneurysms treated acutely with stent-assisted coiling in 11 and double stent placement alone in 1. Two patients rebled, 1 of whom died. Three required retreatment, with 2 having parent vessel occlusion in the acute admission and 1 undergoing delayed vessel sacrifice. All 11 survivors had an excellent outcome and angiographic appearance, but primary endovascular treatment failed in 4/12.
The development of flow diverters to reconstruct vessels and occlude aneurysms has created much interest, [27] [28] [29] [30] [31] and recent PED series [17] [18] [19] showed occlusion rates of 93% and 94% at 6-month follow-up in large or wide-neck aneurysms, with low morbidity. The Pipeline for the Intracranial Treatment of Aneurysms trial 19 studied 31 aneurysms with no recent history of SAH. Lylyk et al 17 described a series of 63 aneurysms, without recent SAH, though 7 patients had had previous SAH treated remotely by endovascular means. Byrne et al 32 reported the use of another flow diverter, Silk (Balt Extrusion, Montmorency, France), in 10 patients with previously ruptured aneurysms, but only 4 were treated within 30 days of hemorrhage. The application of these devices in the setting of acute SAH in aneurysms is not well-documented in the literature. Kulcsar et al 33 described 2 patients with aneurysms Ͻ2 mm presenting with acute SAH, primarily treated with the Silk stent at 10 and 24 days after the initial bleed. The first was a carotid blister aneurysm, and the patient was premedicated with 100 mg of aspirin and 75 mg of clopidogrel for 3 days. The second was a basilar tip aneurysm, and the patient was loaded with 300 mg of both aspirin and clopidogrel. Follow-up angiography demonstrated some in-stent narrowing in one and stenosis of the superior cerebellar artery origin in the other. Both had excellent outcomes and aneurysm obliteration.
Our population varied from that in other published series in that it consisted of 11 patients with acute SAH treated with PED: 6 in the first 2 weeks (including 4 within 72 hours of ictus) and 5 in the third or fourth week. Five were acute ICA blister or posterior circulation dissecting blisterlike lesions, and 3 of these recurred acutely after failing primary endovascular therapy of coils (1 patient) or a Solitare stent and coils (2 patients) during the same admission, with 1 patient representing with a second SAH. The mortality rate was 18.2% with 2 ruptures but with no procedure-related symptomatic significant morbidity in the other 9 patients.
The 6-month occlusion rate of (8/9) in our small series is consistent with that in previous reports, [17] [18] [19] with the only nonoccluded aneurysm, initially treated with stent/coils, appearing stable at follow-up.
The literature has recently highlighted delayed rupture related to flow division in elective cases. 34, 35 Kulcsar et al 34 documented 13 patients with delayed rupture following Silk stent placement. Two of these may have had acute SAH at presentation. In our series, 2 patients died from aneurysm rerupture in the setting of acute SAH. It is our practice to only use a stent in SAH if necessary and, wherever possible, to coil the aneurysm at the time of stent placement, because stent or PED deployment does not necessarily lower pressure in the fundus of the aneurysm. Although it may be easier to coil the aneurysm by using a jailed microcatheter after deploying the PED, it may be better to coil as much as possible first, with balloon assistance if practicable, deploy the PED, and then complete the coiling. This will maximize fundus protection in the acute setting. Alternatively, it could be argued that acute fundus protection with coils, followed by delayed PED at 1-2 months, could be undertaken in appropriate situations (such as the case described in Fig 1) .
Cebral et al 35 highlighted the possible role of parent vessel stenosis in aneurysm rupture post-PED, suggesting that coiling these aneurysms may also be required in that setting. In retrospect, patient 9 did have a degree of smooth narrowing in the ICA distal to the neck, which did improve a little in diameter post-PED, though the M1 was more gracile. Treatment of any type of this particular aneurysm will continue to be challenging in the setting of SAH.
Conclusions
PED reconstruction of acutely ruptured wide-neck aneurysms or dissecting blisterlike aneurysms without a well-defined sac is possible, but caution needs to be exercised in cases of acute SAH. Ancillary attenuated coiling of the sac is warranted in patients with acute SAH or in other high-risk situations (such as stenosis in the parent vessel), by using the PED as a coil scaffold rather than a flow-diverter for acute aneurysm treatment in appropriate cases. Staged treatment with PED, temporizing with balloon-assist coiling acutely, is an option. It may be better to avoid conventional stent-assisted coiling in
